Physical activity is emerging from epidemiologic research as a lifestyle factor that may improve survival from colorectal, breast, and prostate cancers. However, there is considerably less evidence relating physical activity to cancer recurrence and the biologic mechanisms underlying this association remain unclear. Cancer patients are surviving longer than ever before, and fear of cancer recurrence is an important concern. Herein, we provide an overview of the current epidemiologic evidence relating physical activity to cancer recurrence. We review the biologic mechanisms most commonly researched in the context of physical activity and cancer outcomes, and, using the example of colorectal cancer, we explore hypothesized mechanisms through which physical activity might intervene in the colorectal recurrence pathway. Our review highlights the importance of considering prediagnosis and post-diagnosis activity, as well as cancer stage and timing of recurrence, in epidemiologic studies. In addition, more epidemiologic research is needed with cancer recurrence as a consistently defined outcome studied separately from survival. Future mechanistic research using randomized controlled trials, specifically those demonstrating the exercise responsiveness of hypothesized mechanisms in early stages of carcinogenesis, are needed to inform recommendations about when to exercise and to anticipate additive or synergistic effects with other preventive behaviors or treatments.
Introduction
Over the past two decades, it has become clear that physical activity is associated with reduced cancer incidence. A recent pooled analysis of epidemiologic studies showed that high levels of leisure-time physical activity are associated with statistically significantly lower risks of 10 different cancers, even after adjusting for body mass index (BMI) [1] . Achieving physical activity recommendations of the World Health Organization has been associated with a 7% decrease in overall cancer risk, with the strongest associations observed for colorectal cancer and female breast cancer [2] . Considerably fewer epidemiologic studies have investigated the role of physical activity in relation to cancer outcomes, and the majority examined mortality (overall and/or cancer-specific) as an end point, without analyzing recurrence [3] . Of 33 reviews we identified in the past decade that investigated physical activity and cancer survivorship, only eight reviewed recurrences as a distinct endpoint [4] [5] [6] [7] [8] [9] [10] [11] .
Cancer patients are surviving longer than ever before, and fear of cancer recurrence is an important concern among cancer survivors [12] . In the USA, an estimated 40% of patients treated for local and locally advanced colorectal cancer experience cancer recurrence [13] and, for breast cancer, recurrences affect 11-20% of patients depending on tumor characteristics, stage of cancer, and treatment [14] . In this review, we provide an overview of the understudied association between physical activity and cancer recurrence. We review and discuss hypothesized pathways and mechanisms that might explain epidemiologic findings, using the example of colorectal cancer. We also highlight gaps in knowledge and future directions for this area of research.
Epidemiologic evidence
While there is strong and consistent observational evidence that increased physical activity is associated with increased overall survival in cancer survivors (mainly breast and colorectal [15] ), as well as an inverse dose-response relationship with cancer-specific mortality [3] , the evidence for physical activity in cancer recurrence is more limited ( Table 1 ). Recurrence studies have been observational, mostly restricted to breast, colorectal, and prostate cancer survivor populations, and have found mixed results. There are several issues surrounding research on cancer recurrence that need to be recognized when examining the epidemiologic evidence. Cancer recurrence is difficult to study because most cancer registries do not routinely collect recurrence data [30] . Information on recurrence is generally only collected in clinical trials and is acquired through laborious chart reviews. In contrast, studies on cancer-specific and overall mortality are easier to conduct since these outcomes are readily accessible through tumor and vital registries and death certificates. Furthermore, varying definitions for cancer recurrence have been used which hinders comparisons between studies and may introduce error in the outcome assessments. For example, some definitions of recurrence outcomes include cancer-specific deaths or progressions (Table 1) . Slow-developing recurrences are also difficult to assess because of the long follow-up required; observational studies might terminate active follow-up before a cancer recurrence is detected. In addition, studies may be underpowered to assess recurrence associations if the primary outcome (on which the sample size was based) is survival. Moreover, associations between recurrences and physical activity may be confounded by cancer symptoms or treatment, disease progression, and BMI.
To our knowledge, seven observational studies have investigated the effect of pre-or post-diagnosis physical activity and breast cancer events, defined as recurrence, progression, new primary breast cancers, or breast cancer-specific deaths [18] [19] [20] [21] [22] [23] [24] . A meta-analysis by Lahart et al. (2015) [10] provided pooled estimates for five of these studies that were protective (HR = 0.72, 95% CI 0.56-0.91 for pre-diagnosis physical activity [18, 19] and HR = 0.79, 95% CI 0.63-0.98 for postdiagnosis physical activity [21, 23, 24] ), although most individual studies had non-statistically significant protective effects for cancer recurrence. Similarly, two observational studies of colorectal cancer found that increased pre-or postdiagnosis physical activity was not statistically significantly associated with recurrence-free survival, although results suggested a protective trend [26, 27] . For prostate cancer, two studies were conducted and no associations were observed between pre-and post-diagnosis physical activity with increased recurrence or progression of prostate cancer [28, 29] . There are currently several additional cohort studies in progress; two focus on colorectal cancer recurrence [31, 32] and two on breast cancer recurrence [33, 34] . These studies will collect repeated measures of physical activity over the course of follow-up and examine overall survival, diseasefree survival, and/or recurrence as primary end points.
In addition to observational evidence, randomized controlled trials (RCTs) of exercise with recurrence outcomes are necessary for ruling out reverse causality, residual confounding, and evaluating the predictive nature of proposed biomarkers. There is emerging RCT evidence on the effect of post-diagnosis physical activity on cancer recurrence. To date, only the Supervised Trial of Aerobic versus Resistance Training (START) in breast cancer patients has published results, suggesting a protective exercise effect in patients diagnosed as human epidermal growth factor receptor 2 (HER2)positive and patients who completed >85% of the average relative dose intensity of their originally planned chemotherapy regimen. However, the recurrence analysis from START was secondary and exploratory in nature and subgroups were based on small sample sizes [25] . Another trial in colon cancer patients that is ongoing is the Colon Health and Life-Long Exercise Change (CHALLENGE) Trial, designed specifically to evaluate the effect of post-diagnosis exercise on disease-free survival as a primary outcome [35] . There are currently a number of additional RCTs in cancer survivors investigating the effect of lifestyle (including physical activity) interventions on recurrence-or disease-free survival. One RCT in breast cancer patients involves an exercise plus diet for weight loss intervention [36] , and three additional RCTs are ongoing that will test the relative impact of lifestyle interventions (generally diet, exercise, and vitamin D) [37] [38] [39] [40] on breast cancer recurrence. In addition, there are several other registered trials currently ongoing that involve physical activity and cancer recurrence in breast (clincialtrials.gov identifiers: NCT02035631, N C T 0 2 7 8 6 8 7 5 , N C T 0 3 0 9 1 8 4 2 , N C T 0 2 7 5 0 8 2 6 , NCT02161900, NCT02240836), prostate (NCT02252484), ovarian (NCT02529150), endometrial (NCT03095664), and other cancer survivors (NCT02473003, NCT01693172). Results of these RCTs will provide further evidence of a causal association between physical activity (combined with other lifestyle changes) and cancer recurrence.
Mechanisms
The mechanisms whereby physical activity could lower recurrence risk in breast, colorectal, and prostate cancer patients are not well understood, although evidence has grown over the past decade. The interrelated mechanisms most often studied in relation to physical activity and cancer prognosis ( Fig. 1) include changes in whole-body and visceral fatness, metabolic dysregulation (e.g., insulin, glucose, insulin-like growth factors (IGF)), adipokines (e.g., leptin, adiponectin), and sex hormones (e.g., estrogen, testosterone); chronic, low-grade inflammation; oxidative stress causing DNA damage and gene mutations (e.g., tumor suppressor genes); and impaired immune surveillance/function [11, [41] [42] [43] .
Whether physical activity influences these mechanisms independently or through reductions in adipose tissue volume and endocrine activity is difficult to discern for obesity-related cancers (e.g., colorectal, postmenopausal breast, prostate) since some of the same mechanisms are proposed, although some effects are becoming better understood. In postmenopausal women, for example, body fat is the primary source of endogenous estrogens, which fuel cancer progression in estrogen receptor-positive (ER+) breast cancer. There is now RCT evidence that, while exercise decreases estradiol levels, much greater decreases occur with weight loss [44] and exercise effects are at least partly mediated by fat loss [45] .
Similarly, prolonged sedentary behavior (sitting or lying down) is a hypothesized cancer survival risk factor that may act independently of physical inactivity and body fat [46] . Yet, only in the past decade have epidemiologic studies begun to measure sedentary behavior as a distinct exposure.
Exercise intervention trials are increasingly being conducted to demonstrate exercise modes of action in cancer patients. Structured exercise trials (reviewed in [47, 48] ), often in breast cancer patients, have shown mixed effects from exercise on circulating biomarkers such as metabolic factors (IGF-1 or its binding protein IGFBP-3, insulin, glucose, C-peptide, leptin), immune and inflammatory factors (natural killer cell cytotoxicity, pro-and anti-inflammatory cytokines), and measures of oxidative stress (8-oxo-dG, F2-isoprostane). More consistent exercise effects were found for circulating C-reactive protein levels (consistently decreased) and in prostate cancer patients, for testosterone-and prostate-specific antigen levels (consistently no change).
A common limitation of these trials is the uncertainty that circulating blood biomarkers reflect downstream biological activity, whereas epigenetic and gene expression studies do Fig. 1 Commonly proposed mechanisms relating physical activity to cancer recurrence and/or survival. Potential additive or synergistic effects between physical activity and cancer treatment are possible not have this limitation. For instance, in colorectal cancer patients, exercise was associated with the CpG island methylator phenotype (CIMP) and mutations in TP53 and KRAS2 mutations in colon tumor tissue [49] and CIMP-positive tumors are associated with reduced survival [50] . Future exercise trials could potentially measure changes in microRNA, global DNA methylation, and gene-specific methylation, since these outcomes were associated with exercise in previous studies [51, 52] ; e.g., higher levels of physical activity have been associated with less frequent CACNA2D3 methylation in gastric adenocarcinoma patients in an observational study [53] .
Exercise during first-line and adjuvant chemotherapy might improve treatment efficacy (Fig. 1) . Shared mechanisms between exercise and cancer treatment, such as weight loss and decreased sex hormones from exercise combined with the use of aromatase inhibitors, or improved immune function combined with immunotherapy, may generate additive or synergistic improvements. Furthermore, exercise during chemotherapy has been shown to improve adherence to treatment [25, 54] .
The importance of timing and stage
A key consideration related to physical activity and cancer recurrence is timing. There is clinical value in understanding whether pre-or post-diagnosis physical activity (or both) prevents cancer recurrence, and whether physical activity prevents early or late recurrences (or both). Early recurrences of a slow-growing cancer could be more strongly influenced by pre-diagnosis activity whereas late recurrences could be more strongly influenced by post-diagnosis activity. Moreover, if risk of recurrence increases with cancer stage at first diagnosis [55] , then physical activity mechanistic research should also be stage-specific. This knowledge would help guide mechanistic studies to target early or late carcinogenesis. Ultimately, research to understand the sequence of risk accumulationand physical activity's role at each step in the sequence-will guide prevention messaging and intervention studies, including when to intervene, what benefit to expect, and for what outcome [56] .
Colorectal cancer recurrence
Colorectal cancer serves as a useful example for aligning physical activity timing with risk accumulation because in colorectal cancer the early stages are observable; from field cancerization [57, 58] to aberrant crypt foci, to adenomatous polyps, to adenocarcinoma (95% of cases), to cancer-specific death (Fig. 2) . Colorectal cancer may develop over 10 years, resulting from the accumulation of multiple gene mutations-including APC and KRAS followed by PIK3CA, SMAD4, TP53, and others [59] , with only a small proportion of aberrant crypt foci ever progressing to cancer [60] . Recurrences occur in~40% of colorectal cases in the USA [13] and happen more quickly than for other cancer sites, with the majority (80-95%) appearing within 5 years of surgical resection [61] . Given that pre-and post-diagnosis physical activities are associated with better colorectal cancer survival outcomes [62] , it is plausible that physical activity influences early-and late-stage mechanisms. Below, we review mechanisms previously proposed for physical activity and colorectal cancer recurrence by stage of carcinogenesis, namely, (1) field cancerization, (2) adenoma recurrence, and (3) adenocarcinoma recurrence.
Field cancerization of the colon
Field cancerization [63] refers to the concept of an area of otherwise normal epithelial tissue that is 'primed' to undergo transformation (e.g., by methylated DNA [64] , altered gene expression [65] , etc.), which can either be locally focused or diffuse in an organ such as the colon [58] . This phenomenon may explain colorectal cancer recurrence, with new cancers potentially arising either adjacent to the excised primary tumor or more diffusely where a broader field is observed. There is some evidence from animal studies that exercise can favorably alter DNA methylation patterns. For example, repression of the gene BHMT2, involved in aberrant methylation, was observed in the colons of exercising rats [66] . However, there is inherent complexity with these types of investigations in humans, and therefore, the human evidence to date has been limited with mixed results [46] . In several observational studies, increased physical activity was associated with higher levels of global methylation in peripheral blood [67, 68] and exercise was shown to impact levels of global DNA methylation in adipose tissue in an intervention study [69] . However, no intervention trials have examined if exercise induces changes in DNA methylation in colon tissue. Furthermore, no studies have investigated if exercise can reverse the cancerization of a particular field with repeated measures in colon tissues.
Recurrence of adenomas (polyps)
A number of epidemiologic studies have examined the relation between physical activity [70] [71] [72] or sedentary behavior [73] [74] [75] and adenoma risk. These studies generally found a benefit from being more active, particularly for adenomas that were large/more advanced. Fewer studies focused on adenoma recurrence [75] [76] [77] [78] and, of those, some suggested lower recurrence risk associated with more activity [77] or less sedentary behavior [75] in men.
Physical activity might prevent adenoma recurrence by maintaining energy balance since BMI, waist circumference, and possibly weight change have been associated with higher recurrence risk [79] [80] [81] [82] . Correlative studies suggest that adenoma recurrence could be mediated partly by homocysteine levels [78] , age, blood glucose [83] , metabolic syndrome, waist circumference, or waist-to-hip ratio, particularly in men [84] . An inflammatory mechanism (e.g., via COX-2 or STAT3) is plausible since aspirin use [85] and various cytokines [86] are associated with adenoma risk. Adipokines such as leptin and adiponectin, derived from white adipose tissue, are also hypothesized to play direct or indirect opposing roles (leptin unfavorable, adiponectin favorable) mediating cancer cell proliferation, invasion, and survival [87] . However, one epidemiologic study of adenoma recurrence found risk to be lower among individuals with higher leptin levels and there was no association with adiponectin [78] .
Few epidemiologic studies have explored insulin resistance biomarkers in relation to adenoma recurrence despite insulin's known mitogenic and anti-apoptotic properties in the colon [88] and exercise responsiveness in other contexts. One epidemiologic study reported an increased risk of adenoma recurrence in adults with higher levels of circulating glucose and insulin [89] , although C-peptide, a by-product of insulin secretion, was not associated with recurrence in another study [78] .
Other epidemiologic studies investigated IGF-1 and its primary binding protein IGFBP-3, which controls IGF-1 bioavailability, in relation to adenoma recurrence since IGF-1 promotes cell proliferation and inhibits apoptosis [90] . In some prospective studies, inverse associations between baseline IGF-1 levels and future adenoma recurrence were reported, perhaps because of better health in the higher-level IGF-1 subgroups [91, 92] . However, the impact of exercise on IGF is most likely to be indirect by altering, for example, IGF-1 physiology or through energy balance [93] .
Recurrence of adenocarcinoma (cancer)
The mechanisms most commonly proposed for colorectal cancer recurrence, besides tumor stage, location, and cancer treatment, include KRAS and mismatch repair gene mutations, microsatellite instability status [94] , and MCMT promoter methylation [95] . Furthermore, many of the same mechanisms proposed for adenoma recurrence are proposed for cancer recurrence; these mechanisms and others are discussed below.
Diabetic patients and those with increased number of metabolic syndrome conditions are at increased risk of colorectal cancer recurrence (or reduced recurrence/disease-free survival) [96, 97] , suggesting a role for metabolic dysregulation. There is inconsistent evidence that increased insulin and IGF-1 are associated with worse prognosis in colorectal cancer patients [98] [99] [100] . Higher IGFBP-3 levels may be associated with a reduced risk of colorectal cancer-specific death [100] . However, these associations have not been wellstudied for recurrence. Only one study by Lee et al. [48] investigated the effect of a physical activity intervention on the IGF-1 axis in colorectal cancer patients. Results indicated that Fig. 2 Colorectal cancer serves as a useful example for studying physical activity mechanisms because risk accumulation is observable. The overall strength and consistency of epidemiologic evidence relating physical activity to colorectal cancer outcomes is strongest for colorectal cancer incidence, somewhat weaker for colorectal cancer mortality (given fewer prospective studies; although results have been relatively consistent, generally showing benefit from both pre-and post-diagnosis physical activity), and weakest for adenoma (polyp) recurrence, due to limited epidemiologic research focused on recurrence outcomes and studies showing significant associations only in men. Solid arrows indicate known pathways. Broken arrows indicate hypothesized pathways. ACF, aberrant crypt foci; PA, physical activity increased physical activity significantly decreased insulin levels and homeostasis model assessment of insulin resistance and increased IGF-1 and IGFBP-3 levels. These results support the IGF-1 axis as a potential mechanism underlying physical activity benefits, with the exception of the increase in IGF-1 levels, which the authors explained by a correlation between IGF-1 and lean mass at baseline.
Tumor-promoting inflammation is an enabling characteristic of cancer [101] that has been implicated in colorectal cancer recurrence [102] , yet it is unclear if exercise is protective. In rats, exercise has attenuated chemically induced COX-2 expression and cell proliferation in the colon [103] , modeling early stage prevention. Myokines might be involved, which are cytokines and other peptides released from muscle cells that promote anti-inflammatory effects and insulin sensitivity; interleukin-6 is the most commonly studied [42, 104] . Secreted protein acidic and rich in cysteine (SPARC) is a myokine recently studied in relation to early colorectal carcinogenesis that prevented aberrant crypt formation in mice [105] . However, a small trial in humans did not find SPARC levels to be exercise-responsive [106] . A commonly studied pro-inflammatory cancer biomarker is TNF-α. Higher TNF-α expression in colon tumor tissue has been associated with positive lymph node stage and colon cancer recurrence [107] , and there is some evidence that circulating TNF-α levels can be lowered with exercise in animal models [108] and in colon cancer patients [48] although this effect is not found consistently in cancer patients [47] .
Chronic exercise might decrease recurrence risk by lowering systemic oxidative stress, resulting from immune cell overproduction of reactive oxygen species (ROS). The genetic and epigenetic changes induced by ROS may contribute to the initiation and progression of colorectal cancer [109] . Chronic exercise could reduce oxidative stress by inducing an adaptive response since exercise itself induces ROS production in skeletal muscle [110] . Alternatively, exercise may decrease ROS exposure by lowering hydrophobic bile acid concentrations [111] perhaps via decreased serum cholesterol [112] . Recently, a large RCT in overweight/obese postmenopausal women showed a significant decrease in circulating F 2isoprostane levels after 12 months of exercise, but no change in fluorescent oxidation products or oxidized low-density lipoprotein levels [113] .
Multiple epigenetic alterations have been implicated in the development and prognosis [114] of colorectal adenocarcinoma. These include but are not limited to the CIMP phenotype [50] (often identified through the methylation of RUNX3, SOCS1, NEUROG1, CACNA1G, and IGF) [115] , global hypomethylation and hypermethylation of tumor suppressor genes (CDKN2A and ESR, APC, KRAS, MGMT) [116] , and alterations in microRNA (miRNA) expression [117] . While the impact of these epigenetic alterations on prognosis has been relatively well characterized, given the challenges in adequately measuring exercise in cancer patients in observational studies, the impact of exercise has been mixed [118] . One study examined gene expression in the colons of exercising rats and discovered reduced transcript levels for VEGF (vascularization), ANG-2 (vascularization), and iPL-A2 (signal transduction) [66] . While epigenetic markers such as miRNA panels provide interesting etiologic candidates in observational studies, several limitations to their use should be noted. For the example of miRNA, major limitations include variability in miRNA isolation and extraction [119] , as well as the cross-platform variation in results from miRNA quantification [120] . Furthermore, within-platform differences have been observed across commercial offerings, which further limits their broad applicability [121] . As the research advances, additional attention should be given to standardization of sample collection and storage as well as of methods for quantification and analyses (normalization).
Colorectal cancer recurrence: when could exercise be beneficial?
Our review of physical activity and colorectal cancer mechanisms shows that, to date, the strongest evidence relating physical activity to colorectal cancer recurrence in humans relates to Bnear-diagnosis^processes (i.e., not initiation, not late-stage), namely, weight control and insulin-related pathways. Inflammatory pathways could mediate adenoma (polyp) recurrence in some subgroups (e.g., men), although clarity is needed to understand whether physical activity, sedentary behavior, or body fatness is driving this mediation.
Perhaps the greatest immediate opportunity for mechanistic research relates to the role of exercise in early, initiating events in colorectal cancer (e.g., preventing field cancerization and aberrant crypt foci). Currently, there is very little evidence in humans that exercise modulates these events. Late-stage carcinogenic pathways are also not well understood, in part because epidemiologic survival studies of physical activity often exclude stage IV cases (Table 1) to avoid possible reverse causation, and trials to understand exercise modes of action have been infrequently conducted in this group. Although tumor-promoting inflammation and avoiding immune destruction are enabling characteristics of cancer [101] , there is still very little direct evidence that exercise alters these pathways in the colon. Comparatively more evidence suggests insulin-glucose regulation may be involved in adenocarcinoma recurrence.
Future directions
Presently, there is limited epidemiologic evidence relating physical activity to cancer recurrence. Rather, benefit is inferred from cancer survival studies which often focus on post-diagnosis physical activity in breast, colorectal, and prostate cancer survivors. There may be benefit from considering prediagnosis activity as well as cancer stage at diagnosis and timing of recurrence (early/late) in future epidemiologic studies, to guide mechanistic research. In addition, standardized, cancer-specific definitions of recurrence are needed to build a more consistent body of epidemiologic evidence regarding recurrence. The possibility that physical activity-recurrence associations are partly explained by body fatness and sedentary behavior, or perhaps diet quality [11] , must also be carefully considered when interpreting observational studies. Ideally, future observational cohort studies of physical activity and cancer recurrence should be designed to include objective measurements of physical activity, sedentary behavior, body composition, other health-related factors, and biologic mechanisms within the same study population as is being done in the ongoing Alberta Moving Beyond Breast Cancer cohort study [122] .
There are some indications about how physical activity might influence cancer recurrence mechanisms, although for some mechanisms (e.g., IGF, oxidative stress, epigenetic mechanisms) there is uncertainty regarding whether or not they are modifiable with exercise while for others (e.g., circulating biomarkers), it is unclear if they are strongly predictive of recurrence. Research from RCTs that demonstrate both exercise responsiveness and clinical relevance is needed. Furthermore, studies that examine the impact of exercise on the reversibility of field cancerization or early carcinogenic events (e.g., in colorectal cancer), with repeated longitudinal sampling from tissues of interest, are needed.
Although our recurrence model focused on colorectal cancer, the same thought process of considering mechanisms separately for precancerous outcomes is useful for studying the role of lifestyle factors in the recurrence of other slowgrowing cancers. This level of mechanistic insight is crucial for informing recommendations about when to exercise and for anticipating additive or synergistic effects with other preventive behaviors or treatments.
